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More Surprises in the Minireview
Hedgehog Signaling Pathway
organs including the eye, hair, and lungs. Dhh and Ihh
play more restricted roles: Dhh acts in the regulation of
spermatogenesis and organization of the perineurium,
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Cambridge, Massachusetts 02138 which ensheaths peripheral nerves, and Ihh in coordinat-
ing proliferation and maturation of chondrocytes during
development of the endochondral skeleton (St-Jacques
et al., 1999). Hedgehog signals appear to have bothOne of the great successes of the past decade has been
short- and long-range activities. In addition, they actthe unraveling of complex signal transduction pathways
as morphogens to induce distinct cell fates at specificthat govern embryonic development. In many cases, the
concentration thresholds.identification of the latest player in the process provides
Given the importance of Hedgehog signaling, there isan insight that fits in well with the prevailing logic of
not surprisingly a great deal of interest in how an activethe biochemical circuitry. However, in the case of the
signal is produced, moved, received, and transducedHedgehog pathway, new discoveries often highlight
to give an appropriate response in the target cell. It ishow shaky our understanding of the molecular and cellu-
now clear that most if not all Hedgehog signaling leadslar mechanisms underlying this critical signaling path-
to the activation of transcriptional effectors that areway is. The latest example comes from a recent publica-
zinc finger±containing proteins of the Ci/Gli family (re-tion in Cell, which identifies an important new player in
viewed by Aza-Blanc and Kornberg, 1999). In the fly,Hedgehog signaling (Burke et al., 1999).
the absence of Hedgehog signaling leads to constitutiveHedgehog signaling has been shown to regulate an
cleavage of Ci, generating a repressor form that bindsenormous variety of developmental events in the fly and
to, and inactivates, Hedgehog target genes. Hedgehogvertebrate embryo and plays a central role in several
signaling inhibits this proteolytic cleavage by a phos-cancers (for reviews on subject areas discussed below,
phorylation-dependent process. As a result, full-lengthsee Hammerschmidt et al., 1997; Ingham, 1998). In Dro-
protein, in conjunction with appropriate partners, acti-sophila, Hedgehog patterns the segment, wing, leg, eye,
vates transcriptional targets (Figure 1). In vertebrates,and regions of the fly brain either directly, or through
there are three Gli genes whose precise roles in activat-the recruitment of other signaling factors such as Deca-
ing and repressing Hedgehog targets are not fully re-pentaplegic (Dpp) and Wingless. In contrast to the single
solved.fly member, there are three Hedgehogs in mammals;
Events at the Cell SurfaceSonic (Shh), Desert (Dhh), and Indian (Ihh), and yet others
The first big surprise came with the initial genetic analy-in lower vertebrates. Shh activity at the midline patterns
sis of Hedgehog signaling in Drosophila. On the basisthe overlying ventral neural tube and adjacent ventral
of an elegant study, Ingham and colleagues proposed asomites, and participates in the development of left±
model that is now widely accepted: Hedgehog signalingright asymmetry. Elsewhere, Shh is a polarizing activity
in the limb and regulates morphogenesis of a variety of leads to ligand-dependent receptor inactivation, the
Figure 1. Schematic Representation of Hedgehog Signaling Pathway
Red components act negatively and blue components positively. See text for details.
Cell
186
likely receptor being encoded by the segment polarity from cell culture studies for a degree of palmitoylation
gene, patched (Ingham et al., 1991). Biochemical and of Hedgehog (Pepinsky et al., 1998).
genetic analyses have confirmed this model and pro- How does cholesterol influence the movement of li-
vided many important new insights. gand, a key issue given the apparent long-range action
Hedgehog indeed binds to Patched, a multipass mem- of some Hedgehog signaling? In cell culture, choles-
brane protein. In the absence of ligand, Patched is re- terol-modified Hedgehog remains bound to the cell sur-
quired to inhibit the activity of Smoothened, a seven- face and is not normally present in the medium, sug-
transmembrane protein that shares homology with G gesting a very limited range of movement in vivo. Indeed,
protein±coupled receptors (Figure 1). Smoothened is when an unmodified ligand is produced by simply in-
absolutely required for all Hedgehog signaling in Dro- serting a termination codon into the primary transcript
sophila. In the absence of both Patched and Hedgehog, at the position where processing of its protein product
Smoothened activity leads to constitutive activation of would normally occur, Hedgehog targets are activated
Hedgehog targets. Thus, Hedgehog binding to Patched at a greatly increased distance from the source of ligand
represses Patched activity leading to derepression of (Porter et al., 1996b). One caveat is that these experi-
Smoothened and apparent ligand-independent signal- ments were all performed in the presence of wild-type
ing by Smoothened. How then is Hedgehog binding to protein. Consequently, it is unclear whether there is di-
Patched communicated to Smoothened? The sugges- rect signaling by the cholesterol-deficient ligand, or a
tion from biochemical studies is that these two proteins change in the distribution of the wild-type protein in the
are in fact together in a receptor complex pointing to a
presence of the unmodified form of Hedgehog.
direct mechanism (Stone et al., 1996). However, this
Two interesting developments have been reportedimportant conclusion is based on nonresponsive cells
with regard to the movement issue. The first was theengineered to express high levels of Smoothened and
discovery in Drosophila of tout-velu, which encodes anPatched, and needs to be confirmed by direct cellular
enzyme involved in proteoglycan biosynthesis that isand biochemical analysis in the organism itself.
required for movement of cholesterol-modified, but notA further twist comes from the fact that patched is
-unmodified, Hedgehog (The et al., 1999). This findingitself a target of Hedgehog signaling. The increased lev-
suggests a role for proteoglycans in transcellular traf-els of Patched produced in response to Hedgehog sig-
ficking of cholesterol-modified Hedgehog (Figure 1). Analing leads to the sequestration of Hedgehog thereby
second is the observation of long cytoplasmic pro-limiting the range of Hedgehog action. This negative
cesses (cytonemes) produced by cells within the Hedge-regulatory mechanism may also facilitate the generation
hog target field. It is speculated that these play a role inof a sharp concentration gradient of Hedgehog, thereby
the long-range transport of Hedgehog or other signalingaltering the potential responses of cells within the target
molecules (Ramirez-Weber and Kornberg, 1999). If thisfield.
is so, the ability of Hedgehog to attach to the membraneAs usual, the situation is more complex in vertebrates.
by its cholesterol anchor might be critical for cytoneme-In mammals there are two Patched proteins, both of
mediated transport, increasing the distance over whichwhich bind vertebrate Hedgehogs with similar affinity
Hedgehog acts.(Carpenter et al., 1998). Patched-1 is confined to target
cells and is upregulated in response to Hedgehog signal- The role of cholesterol in Hedgehog signaling has
ing. As expected from the Drosophila work, mice lacking become even more intriguing with the observation that
Patched-1 activity constitutively activate Hedgehog re- Patched contains a region shared by a number of sterol-
sponse genes in target tissues (Goodrich et al., 1997). sensing proteins (reviewed by Osborne and Rosenfeld,
By contrast, Patched-2 is actually coexpressed with 1998). How does sterol-sensing relate to Patched activ-
Hedgehogs and its transcription is independent of ity? Cholesterol-modified and unmodified forms of Shh
Hedgehog signaling (St-Jacques et al., 1998). Mutants both appear to bind Patched with similar binding con-
in Patched-2 have not been described. stants (Pepinsky et al., 1998). Thus, if the sterol sensing
Cholesterol and the Hedgehog Pathway domain in Patched interacts with cholesterol on Hedge-
Several unexpected findings have come from studies hog ligands, such an interaction is unlikely to contribute
on the ligands themselves. Hedgehogs undergo an auto- significantly to the affinity of Hedgehog for its receptor.
catalytic processing that releases an active 19 kDa li- Given the compartmentalized distribution of lipids within
gand with cholesterol covalently linked to its C terminus
the cell, it is possible that this domain might modulate
(Figure 1; Porter et al., 1996a). This raises several ques-
Patched trafficking. Alternatively, it has been suggestedtions. First, why cholesterol? Many other signals are
that sterol sensing may link Hedgehog action to thelipid-modified, but so far Hedgehog is unique in under-
metabolic status of the cell (Beachy et al., 1997). Clearly,going cholesterol modification. Does cholesterol confer
this is another gray area in Hedgehog signaling.specific properties on Hedgehogs that are essential for
Dispatching Hedgehogtheir complex signaling activities? For example, Hedge-
The latest surprise in the Hedgehog saga comes fromhogs show polarized distribution within the cell, and
a fascinating study reported in Cell last month (Burkecholesterol-rich rafts have been implicated in directed
et al., 1999). A new screen in Drosophila for mutants inprotein trafficking within the secretory pathway (re-
the Hedgehog pathway identified a novel gene that hasviewed in Simons and Ikonen, 1997). Indeed, recent work
been named dispatched, for reasons that will come ap-suggests that Drosophila Hedgehog is present in rafts
parent. dispatched mutants lacking both maternal and(Rietveld et al., 1999). Thus, the cholesterol moiety could
zygotic activity have a segment polarity phenotype iden-be involved in directing intracellular transport within epi-
thelia. In addition to cholesterol, there is also evidence tical to hedgehog mutants. As the reciprocal interactions
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between Wingless and Hedgehog signaling make it diffi- is important. Next, the authors determined that Dis-
patched is not required for signaling by unmodifiedcult to distinguish between these pathways in the seg-
Hedgehog. Finally, they expressed modified hedgehogment, Burke et al. produced mutant clones in the wing
genes encoding a transmembrane and GPI-anchoreddisc, where their activities are distinct. The results
form of the protein. In the wild-type wing disc, bothclearly indicate a role for dispatched in Hedgehog sig-
these forms are capable of signaling, but only to theirnaling. Furthermore, dispatched is only required in cells
immediate neighbors. Thus, unlike cholesterol-modifiedthat produce Hedgehog. hedgehog is coexpressed in
Hedgehog, both of these membrane-bound ligands ap-the posterior compartment of most imaginal discs along
pear to be fixed to the surface of expressing cells. Sig-with engrailed. By contrast, dispatched is expressed
naling was unaltered in the absence of Dispatched.ubiquitously. However, expression of dispatched in the
Therefore, it would appear that Hedgehog can be teth-posterior compartment under engrailed regulation is
ered to the membrane by a transmembrane domain orsufficient to rescue most dispatched mutant pheno-
GPI anchor and is still able to signal effectively, whethertypes. The exception is the eye, where hedgehog ex-
or not Dispatched is present, albeit with very limitedpression is under noncompartmental regulation. To-
range. These experiments also indicate that not all lipidgether these functional studies argue that in the absence
modifications behave similarly. GPI-anchored Hedge-of dispatched, insufficient Hedgehog signal passes to
hog only acts locally even in the presence of Dispatched,responding cells in the anterior compartment.
suggesting some specificity in the action of DispatchedOf course regulation in the sending cells could occur
for cholesterol-tethered Hedgehog.at several levels. Analysis of hedgehog transcription,
Given these results, there are two reasonable modelsprocessing, and sorting in imaginal discs of dispatched
for Dispatched activity (Figure 1). First, Dispatchedmutants, or within dispatched mutant clones within a
might be required for trafficking of cholesterol-modified
wild-type disc, indicate no obvious defects in any of
Hedgehog through the secretory pathway so that ulti-
these processes. Interestingly, the levels of Hedgehog mately an active form of the protein arrives at the cell
protein are actually elevated in hedgehog-expressing surface. Here, the possible involvement of cholesterol
cells in dispatched mutants. Furthermore, the character- rafts in Hedgehog transport and putative sterol-sensing
istic accumulation of Hedgehog protein within vesicles properties of Dispatched are intriguing. However, the
in Hedgehog-responsive cells in the anterior compart- authors do not observe any clear trafficking defect, and
ment is not observed in dispatched mutants. Thus, it some Hedgehog protein is on the surface of hedgehog-
appears that in the absence of Dispatched, normal levels expressing cells in dispatched mutants. What is not
of Hedgehog protein are produced, Hedgehog is pro- clear is how much relative to wild type as the immuno-
cessed and presumably cholesterol-modified, as modi- staining of nonpermeabilized imaginal discs was non-
fication is integral to processing, but Hedgehog fails to quantitative. dispatched mutant discs do show some
be released from posterior cells and instead accumu- upregulation of Patched at the compartment border,
lates in the posterior compartment. suggesting that a low level of active Hedgehog signal
Remarkably, dispatched is predicted to encode a is present. In an alternative model, cholesterol-modified
twelve-transmembrane protein containing a sterol-sens- Hedgehog might need to be displaced from the lipid
ing domain, a distant relative of the Hedgehog recep- bilayer for effective signaling. It is apparent from the
tor Patched and the recently identified Niemann-Pick naming of the gene that the authors prefer this model.
Type C gene product, whose activity appears to be However, both the transmembrane and GPI-modified
proteins do signal, even though neither appears to berequired for cholesterol trafficking in cells. Thus, a
released from the cell surface. Thus, it seems likely thatsterol-sensing protein is implicated in both sending and
Dispatched would release cholesterol-modified Hedge-receiving Hedgehog signals. What is the function of Dis-
hog at an earlier stage in the secretory process.patched? The authors address this question in the
In conclusion, the authors have demonstrated thatbroader context of the significance of cholesterol modi-
there are special mechanisms unique to the handlingfication to Hedgehog signaling. In an interesting set of
of cholesterol-modified Hedgehog in the sending cell.experiments, they addressed the range of action and
Further progress is likely to require a thorough investiga-activity of various modified and unmodified forms of
tion of the fate of different forms of Hedgehog in theHedgehog in the presence or absence of Dispatched.
secretory pathway. Given the molecular similarities be-First, they demonstrated a dramatically increased range
tween Patched and Dispatched, it is likely that thereof action for unmodified Hedgehog in experiments in
are common principles behind sending and receiving awhich wild-type Hedgehog protein was absent (em-
Hedgehog signal. Another piece in the Hedgehog puzzleploying a temperature-sensitive mutant). Thus, the ex-
has been identified. All the indications are that the finaltended Hedgehog signaling seen previously when un-
solution to this puzzle will be well worth the effort.
modified protein was present along with wild-type
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